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I. INTRODUCTION
The ionization and dissociation energies of the hydrogen molecule ͑H 2 ͒ and its isotopomers ͑D 2 and HD͒ are benchmark quantities in molecular quantum mechanics. 1, 2 Recently, we measured the transition wave number from the EF state of ortho-H 2 to a selected Rydberg state below the ground state of ortho-H 2 + with a precision of 0.000 29 cm −1 . 2 with a similar precision to that reached for H 2 would therefore be desirable to resolve this discrepancy and would provide another quantity with which future theoretical calculations can be compared.
We report here on a new determination of the ionization energies of both ortho-and para-D 2 ͓E i ͑ortho-D 2 ͒ϵE i ͑D 2 ͒ and E i ͑para-D 2 ͔͒ from which we derive a new experimental value of the dissociation energy of D 2 . The ionization energies are obtained in each case as a sum of three energy intervals ͑see Fig. 1͒ . In the case of ortho-D 2 , the first energy interval is between the X 1 ⌺ g + ͑v =0, N =0͒ and the EF 1 ⌺ g + ͑v =0, N =0͒ levels, the transition wave number of which was measured with high precision previously ͓99 461.449 08͑11͒ cm −1 , Ref. 5͔, the second between the EF 1 ⌺ g + ͑v =0, N =0͒ and the 29p2 1 ͑0͒ Rydberg state belonging to a series converging on the X + 2 ⌺ g + ͑v + =0, N + =2͒ level of ortho-D 2 + , and the third between the 29p2 1 ͑0͒ Rydberg state and the X + 2 ⌺ g + ͑v + =0, N + =0͒ ionic level. In the case of para-D 2 , the first energy interval is between the X 1 ⌺ g + ͑v =0, N =1͒ and the EF 1 ⌺ g + ͑v =0, N =1͒ levels ͓99 433.716 38͑11͒ cm −1 , Ref. 5͔, the second between the EF 1 ⌺ g + ͑v =0, N =1͒ and the 52p1 2 ͑0͒ Rydberg state belonging to a series converging on the X + 2 ⌺ g + ͑v + =0, N + =1͒ level of para-D 2 + , and the third the binding energy of the 52p1 2 ͑0͒ Rydberg state. The transition wave numbers between the selected rovibrational levels of the EF state and the Rydberg states were measured using a ͑2+1Ј͒ resonant three-photon excitation sequence followed by delayed pulsed-field ionization ͑PFI͒ of the Rydberg states as in our study of H 2 . 3 The binding energies of the Rydberg states were calculated by multichannel quantum defect theory ͑MQDT͒. Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 129.132.118.157 On: Wed, 16 Nov of the MQDT calculations for D 2 has been verified independently in a comparison with a high-resolution measurement of the nf Rydberg spectra of D 2 by millimeter-wave spectroscopy 6 and also with high-resolution laser spectra of the np Rydberg states ͑see below͒.
The dissociation energy of D 2 ͓D 0 ͑D 2 ͔͒ can be derived using the relation ͑see 
from the dissociation energy of the molecular cation ͓D 0 ͑D 2 + ͔͒, which was re-evaluated using available literature data ͑see Appendix B͒, and the ionization energy of the atom ͓E i ͑D͔͒, which is known very accurately. 7 In addition, the ortho-para separation of the neutral molecule ⌬E 1−0 , defined as the energy level separation between the N = 0 and N = 1 rotational energy levels of the X 1 ⌺ g + ͑v =0͒ state of D 2 , can be derived using the relation ͑see Fig. 1͒ :
where ⌬E 1−0 + is the ortho-para separation of the cation, which is known very accurately from calculations. 
II. EXPERIMENT
The experimental setup is the same as used in our previous study of H 2 . 3 In brief, the third harmonic of a commercial dye laser ͑ ϳ 201 nm, bandwidth ϳ0.04 cm −1 ͒ was used to excite the
, N =0,1͒ two-photon transitions. The second harmonic of the near-infrared ͑NIR͒ output of a pulsed titanium-doped sapphire ͑Ti:Sa͒ amplifier ͑ ϳ 396 nm, bandwidth ϳ20 MHz͒, 9,10 seeded by a Ti:Sa cw ring laser, was then used to access np Rydberg states belonging to series converging on the lowest two rotational levels ͑N + = 0 or 1͒ of the X + 2 ⌺ g + ͑v + =0͒ state of D 2 + from the selected EF 1 ⌺ g + ͑v =0, N = 0 or 1͒ levels. The 396 nm laser beam was split into two components and introduced into the interaction region in a counterpropagating configuration, both components overlapping spatially with the 201 nm beam. The difference between the transition wave numbers measured using each of these two components represents twice the Doppler shift resulting from a possible nonorthogonality between the molecular beam and the 396 nm laser beams and can be eliminated by taking the average value of the two measurements. The transitions were detected by ionizing the Rydberg states created by the two-step process using a pulsed electric field applied with a time delay with respect to the laser pulses. The generated cations were extracted by the same field and accelerated toward a microchannel plate detector. Spectra were obtained by monitoring the D 2 + ion signal as a function of the wave number of the second laser.
The absolute and relative calibration of the Ti:Sa-cwring-laser frequency was carried out by recording, simultaneously with the PFI spectra, the Doppler-free saturation absorption spectrum of I 2 3,5,11 and the transmission signal through a high-finesse Fabry-Pérot etalon locked to a polarization-stabilized He-Ne laser. 12 The frequency shift arising in the multipass amplification in the Ti:Sa crystals ͑Ͻ10 MHz͒ was determined by monitoring the interference between the pulse-amplified laser beam with the cw NIR output of the ring laser 13 and taking the Fourier transform of the beat-note signal recorded when the 396 nm laser was on resonance with the EF to Rydberg transitions.
III. RESULTS

A. Survey spectra of Rydberg states and MQDT calculations
In our previous work on H 2 , the binding energy of the selected 54p1 1 ͑0͒ Rydberg state of ortho-H 2 was taken from the result of a millimeter-wave spectroscopic experiment analyzed by MQDT at submegahertz accuracy.
14 In a similar millimeter-wave experiment carried out on para-D 2 , 6 transitions from n =51d -53d to n =54f -57f Rydberg states belonging to series converging on the ground state of para-D 2 + could also be measured and extrapolated to their series limits using the same MQDT parameters as used for ortho-H 2 at the same accuracy. These results confirmed the expectation that isotopic substitution does not affect the eigenquantum defects and demonstrated the ability of MQDT to predict the binding energy of Rydberg states with submegahertz accuracy.
No millimeter-wave transitions to the np states accessed in the present experiment were observed for para-D 2 . The binding energies of these np states were therefore calculated by MQDT in the present work, as listed in the second column of Table I . These values correspond to energy level separations between the centers of gravity of the hyperfine structures of both the Rydberg states and the np np (2) (1) + , for which the hyperfine structure is not known, we have therefore determined the binding energy in MQDT calculations neglecting nuclear spins. These are also expected to be accurate within 1 MHz. One should note here that the hyperfine splittings of the np ͑S =0͒ states at n Ͻ 60 is extremely small ͑typically less than 5 MHz͒ because the exchange interaction is much larger than the hyperfine interaction.
14 In the present calculation, the MQDT parameters are the same as those determined for H 2 in Ref. 14 and ionization channels associated with vibrational levels of the cation with v + Յ 9 were included. The energies of the ionic levels were taken from Ref. Although it has been proven that the same MQDT parameters can be used to describe the nf levels of both ortho-H 2 and para-D 2 with submegahertz accuracy, 6 we decided to independently verify the accuracy of the calculations of np states of both ortho-and para-D 2 . For this reason, we recorded the survey spectra of the np Rydberg series of ortho-and para-D 2 in the region close to the nd and nf states that were accessed in the previous millimeter-wave experiments. 6 The spectra of ortho-and para-D 2 are displayed in Figs. 2͑a͒ and 2͑b͒, respectively, and consist each of one series of strong transitions from the Table I gives their positions ͑in cm −1 ͒ relative to the 29p2 1 and the 52p1 2 states in the case of ortho-and para-D 2 , respectively. These two states are those that were chosen in the measurements using counterpropagating laser beams to determine the ionization energies ͑see Sec. III B͒. Adding up the MQDT binding energy and the relative wave number of each Rydberg state measured experimentally yields independent values of the binding energies of the 29p2 1 and the 52p1 2 states, which are listed in the last column of Table I . The uncertainties ͑one standard deviation͒ of the binding energies determined in this way are 14 Note that other weaker transitions were also observed and assigned to transitions to other Rydberg states but were not included into the analysis because of their poor signal-to-noise ratio.
B. Measurements using counterpropagating laser beams
In order to eliminate possible Doppler shifts of the EF to Rydberg transition frequencies and determine the ionization energies with better accuracy, the transition wave numbers from the N =0 ͑N =1͒ levels of the EF 1 ⌺ g + ͑v =0͒ state to the 29p2 1 ͑0͒ Rydberg state of ortho-D 2 ͓52p1 2 ͑0͒ state of para-D 2 ͔ were determined in separate high-precision measurements using counterpropagating laser beams. These two transitions were selected because their fundamental wave numbers are in the vicinity of an I 2 line, the frequency of which had previously been determined to a precision better than 100 kHz using a frequency comb. 5 An example illustrating the calibration of the transition frequency to the 52p1 2 ͑0͒ state of para-D 2 is displayed in Fig. 3 . For each transition, ten measurements were carried out on different days, each measurement consisting of two spectra, one recorded with the 396 nm laser beam propagating parallel, and the other with the 396 nm laser propagating antiparallel to the 201 nm laser beam. The fundamental transition wave numbers determined from these measurements are plotted with their uncertainties in Fig. 4 numbers of the transitions ͑full circles͒ were obtained by taking the average of both measurements. The frequency difference between the two scans of each pair, i.e., twice the Doppler shift, amounted to ϳ2 ϫ 50 MHz, and the mean transition wave numbers are 2 ϫ 12 620.356 05͑11͒ cm −1 and 2 ϫ 12 620.367 58͑18͒ cm −1 for ortho-and para-D 2 , respectively, where the numbers in parentheses represent one standard deviation in the unit of the last digit. The frequency shift in the Ti:Sa amplifier has been corrected for in the transition wave numbers listed above. The larger standard deviation of the para-D 2 measurements is attributed to the weaker transition intensities.
C. Error budget for the EF to Rydberg transition wave numbers
The same calibration procedure as used in the previous work on H 2 ͑Ref. 3͒ was used for D 2 and its details are not repeated in the body of the article but are presented in Appendix A. Here only the resulting error budget is presented in Table II .
As in our previous investigation of H 2 we evaluated statistical and systematic uncertainties separately. All uncertainties were assumed to be independent of each other and are summarized in Table II . The total statistical and systematic uncertainties were calculated as quadrature summations of all respective contributions. The calibrated EF to Rydberg transition wave numbers from the measurements displayed in Fig. 4 are given as contributions ͑2͒ and ͑6͒ in Table III Table III The ortho-para separation of D 2 + , i.e., the spacing between the N + = 0 and N + = 1 levels of the X + 2 ⌺ g + ͑v + =0͒ ground state of D 2 + , was previously determined by ab initio calculation to be 29.3910͑1͒ cm −1 . 8 Combining this result with the ionization energies of ortho-and para-D 2 , the orthopara separation of D 2 can be calculated using Eq. ͑2͒ to be 59.781 30͑95͒ cm −1 ͑see Table III͒ . This value is in excellent agreement with, but more accurate than the value ͓59.7805͑16͒ cm −1 ͔ which is calculated using the molecular constants previously derived from an electric quadrupole vibration-rotation spectrum of the fundamental vibrational band of D 2 . 16 The overall uncertainties in the ionization energies, the dissociation energy, and the ortho-para separation are determined as quadrature summation of the uncertainties of all energy intervals. The estimated uncertainty of the binding energies of the Rydberg states by MQDT ͑1 MHz͒ are based on the previous work on ortho-H 2 .
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IV. DISCUSSION AND CONCLUSIONS
In the present work, the ionization energies of ortho-and para-D 2 have been determined with a precision of 17 and 22 MHz, respectively. These values, derived as combinations of experimentally measured transition frequencies and binding energies of the experimentally accessed Rydberg states calculated based on an MQDT analysis, are confirmed in three different ways: ͑1͒ Survey spectra of np Rydberg states were recorded. The binding energies of selected Rydberg states of ortho-D 2 ͓29p2 1 ͑0͔͒ and para-D 2 ͓52p1 2 ͑0͔͒ were determined as sums of the experimental relative transition wave numbers and the MQDT binding energies corresponding to all Rydberg states observed in the spectra ͑see Table I͒ . The precision of the calculation ͑one standard deviation͒ corresponds to the uncertainty of the frequency calibration, which validates the MQDT calculations ͑Sec. III A͒. ͑2͒ Combining the ionization energies of both ortho-and para-D 2 determined in the present work with previously calculated ortho-para separation of D 2 + , the ortho-para separation of D 2 was determined and found to be consistent with the previous experimental value of McKellar and Oka. 16 ͑3͒ Control measurements of the transition frequencies from the EF state to lower n Rydberg states ͑n = 39, binding energy ϳ72 cm −1 ͒ of both ortho-and para-D 2 were also carried out. 17 At n = 39 the uncertainties resulting from the stray fields are much reduced, but possible errors in the estimation of the binding energies by MQDT increase. The ionization energies derived as sums of the experimentally measured level energies of the Rydberg states and their binding energies calculated by MQDT agree with those reported in the present paper within the estimated uncertainty. The quantum defects used in the calculations are effective ones, deter- mined from fits to experimental data using a theoretical model which does not include doubly excited channels and uses a limited number of vibrational channels. That these approximations do not play a significant role in the present determination has been verified to the best of our experimental capabilities ͑see Refs. 6 and 14 and Table I͒. 
APPENDIX A: EXPERIMENTAL ERRORS AND UNCERTAINTIES
This appendix provides the information on the different contributions to the uncertainties in the determination of the frequencies of the transitions from the EF 1 ⌺ g + ͑v =0, N =0,1͒ states to the np Rydberg states of ortho-and para-D 2 located below the X + 2 ⌺ g + ͑v + =0, N + =0,1͒ ionization thresholds. one free spectral range ͑FSR͒ of the monitor etalon, we conclude that the frequency uncertainty resulting from the nonlinearity is always smaller than ͑1 / 2͒FSRϫ 1.5% = 1.1 MHz in the NIR and smaller than 2.2 MHz in the UV.
Statistical uncertainties
Doppler shift. Although the method of counterpropagating laser beams was employed ͑see Sec. III B͒, there still could be a small residual Doppler shift caused by an imperfect alignment of the two 396 nm laser beams. The common beam path of the two beams is L ϳ 3.5 m. If two beams deviate by ␦ = 0.5 mm ͑which is still easily resolvable by eye͒ at the extremity of the common path, the Doppler shift ⌬ Doppler is
where v D 2 = 1260 m / s is the speed of D 2 in the jet expansion and 0 is the transition frequency. The Doppler shift is therefore smaller than 0.23 MHz.
Systematic errors and uncertainties
Uncertainty of the FSR. The FSR of the etalon was determined to be 149.9691͑13͒ MHz in nine measurements carried out on nine days. Multiplying the uncertainty of the FSR by the number of FSRs separating the I 2 line that was used for calibration ͓the a 2 hyperfine component of the P181, B − X ͑0-14͒ rovibronic transition at 12 620.158 873͑1͒ cm −1 ͔ from the position of the Rydberg transitions gives uncertainties of 2 ϫ 0.043 and 2 ϫ 0.046 MHz in the transition frequencies of ortho-and para-D 2 , respectively. I 2 calibration by frequency comb. This uncertainty is less than 0.1 MHz in the NIR as explained in Ref. 5 .
Frequency shifts occurring in the Ti:Sa amplifier. The frequency shifts occurring in the Ti:Sa amplifier, Ϫ4.736͑38͒ MHz for ortho-D 2 measurements and Ϫ6.901͑75͒ MHz for para-D 2 measurements, were determined simultaneously with the measurements described in Sec. III B and have already been corrected for in the transition wave numbers presented in Fig. 4 . The larger frequency shift for the para-D 2 measurements and its larger uncertainty result from the fact that a higher 396 nm laser power had to be used to compensate for the weaker signal, which could only be achieved by pumping the Ti:Sa crystals with higher Nd:YAG laser intensities.
Frequency shifts in the doubling crystal. The frequency shifts arising in frequency doubling have been estimated to be less than 0.35 MHz in our previous study. 3 ac stark shifts caused by the 396 nm laser power. To estimate the ac Stark shift, the D 2 spectra were recorded at different laser powers and hence different intensities of the 396 nm laser and zero-intensity positions were estimated in a linear extrapolation. The uncertainties associated with the extrapolations are estimated as the product of the slope and the laser powers used in the measurements.
Frequency shifts caused by the 201 nm laser power. The transition frequencies were found to be dependent on the 201 nm laser power. When the average laser power is low ͑Ͻ4.5 mW, corresponding to average pulse energies of 180 J; the estimated beam waist in the interaction region is ϳ1 mm 2 ͒, the transition frequencies remain constant, but they start increasing at laser powers beyond 4.5 mW. Because we also observed these frequency shifts in experiments in which the 396 nm laser was delayed with respect to the 201 nm laser, they cannot arise from an ac Stark shift induced by the 201 nm laser. Instead, we attribute them to the stray electric fields caused by the ions generated by the 201 nm laser in a ͑2+1͒ resonance-enhanced multiphoton ionization process. The measurements using counterpropagating laser beams presented in Fig. 4 were carried out at low 201 nm laser power ͑ϳ1.5 mW for ortho-D 2 and ϳ2.0 mW for para-D 2 ͒ so that no frequency corrections needed to be made. Nevertheless, it was necessary to include additional uncertainties of 3.5 MHz for ortho-D 2 and 10.8 MHz for para-D 2 , determined in the same way as for the ac Stark shift caused by the 396 nm laser power.
dc Stark shifts caused by stray electric fields. The effects of dc electric fields of different magnitudes and polarities were investigated by applying dc voltages across the 7.8-cmlong stack of cylindrical plates surrounding the ionization region. Figure 6 shows the effect of these dc voltages on the spectrum of para-D 2 . The transition to the 52d1 2 state is always observable and its intensity increases with increasing electric field. The linewidth increases as well, presumably Fig. 6 . The Stark shifts of these levels are calculated using the formula ⌬E n = Ϯ ͑3 / 2͒Fn 2 ͑in atomic units͒, where F is the electric field. At a dc voltage of 2 V, the 52p and 52d levels are completely immersed in the high-ᐉ manifold of Stark states and the Stark spectra are dominated by a broad asymmetric line. Two new peaks appear at dc offsets beyond 0.25 V and can be assigned to the transitions from the EF state to the 52d1 3 ͑G =1/ 2͒ and 52d1 3 ͑G =3/ 2͒ Rydberg states based on the results of a previous laser experiment. 18 For transitions to np levels of both ortho-and para-D 2 , no dependence of the transition frequencies on the electric field was observable at low electric fields. ͓A quadratic frequency shift with respect to the offset voltage 19, 20 was observed for the transitions to the 52d1 3 ͑G =1/ 2,3/ 2͒ states.͔ Consequently, no correction was needed for the dc Stark shift, but an uncertainty of 2 ϫ 5 MHz= 10 MHz was included to account for the shift at a field of Ϯ250 mV/7.8 cm. It is, however, certain that the stray electric field present during the measurements using counterpropagating laser beams summarized in Fig. 4 8, 24, 25 The agreement was in most cases better than the estimated experimental uncertainty of 0.001 cm −1 . A re-evaluation of the dissociation energy of D 2 + was carried out based on the recent work of Korobov on H 2 + and HD + , in which relativistic and radiative corrections of order up to R ϱ ␣ 4 ͑including also the leading R ϱ ␣ 5 terms͒ were calculated. 26, 27 The results of this reevaluation are summarized in Table V 
